a r t I C l e S
One of the most notable features in the evolution of the neocortex is the increase in neuron number that reaches its peak in the human brain [1] [2] [3] [4] . Although the laminar organization of the cortex is relatively similar in all mammals, an expansion in cortical surface area underlies the transformation from smooth cortex to the highly folded primate neocortex, and the associated alteration of cortical architecture that is the substrate for the 'higher' cortical functions that distinguish Homo sapiens from other mammalian species 5 . This transition underscores the importance of understanding the process of neurogenesis in the developing neocortex.
Recent studies have identified two subtypes of neuronal progenitor cell in the developing rodent embryonic neocortex: radial glia and intermediate or basal progenitors [6] [7] [8] [9] [10] [11] . Neuroepithelial cells located in the apical-most region, the ventricular zone, transform to radial glia cells at the onset of neurogenesis. In addition to their well characterized function as a scaffold supporting neuronal migration 11, 12 , radial glia constitute the main population of neural progenitor cells in the developing mammalian neocortex [13] [14] [15] . Radial glia show interkinetic nuclear migration (INM) and proliferate extensively at the luminal (that is, apical) surface of the ventricular zone 16, 17 . The nuclei of newborn radial glia cells move away from the apical surface toward the basal lamina during the G1 phase of the cell cycle, undergo S phase at a basal location, and return to the apical surface during G2 to undergo mitosis at the ventricular lumen 9, 10, 13 . Thus, INM is responsible for the pseudostratified appearance of the ventricular zone. Notably, by moving interphase nuclei of radial glia cells away from the apical surface during G1, INM reserves the apical space for mitosis and thereby may promote an expansion of radial glia cell number 18, 19 . During the peak phase of neurogenesis, around embryonic day 13 to 18 (E13-E18) in mice, radial glia cells predominantly undergo asymmetric division to self-renew while simultaneously giving rise either to a neuron or to an intermediate progenitor cell, the latter of which subsequently divides symmetrically to produce two neurons. Intermediate progenitor cells seem to lack apical-basal polarity 9, 11, 20 .
An evolutionary increase in size and functional complexity of the cerebral cortex has culminated in the modern human brain, which diverged from a rodent lineage ~100 million years ago 4, 18, [21] [22] [23] . Recent studies suggest that the development of oRG cells and their transitamplifying daughter cells (that is, intermediate progenitor-like cells) may be the cellular mechanism underlying expansion in primate corticogenesis 24 . Beads coated with the lipophilic dye DiI applied to the pial surface of fixed fetal human cortical tissue have revealed oRG cells with radial glia-like morphology but lacking apical processes, and time-lapse imaging of fluorescently labeled human fetal brain slices shows that oRG cells can self-renew and produce neuronal precursors 24 . Unlike radial glia cells, oRG cells show distinctive mitotic somal translocation behavior instead of INM. It has been suggested that the outer subventricular zone (OSVZ) may be a primate-specific feature and a hallmark of primate corticogenesis 18, 25 . But recent studies have shown that OSVZ progenitors (that is, oRG cells) also exist in a non-primate species with a gyrencephalic brain, the ferret 26, 27 , which raises the question of whether oRG cells exist in lissencephalic species such as rodent, even though they have no cytoarchitectonically distinct OSVZ. Although the radial glia cells and intermediate progenitor cells of the ventricular zone and SVZ, respectively, are responsible for generating most cortical neurons in rodent 8, 10 , extra sites of progenitor cell activity have been suggested including the subplate (the first layer of cortical neurons produced in the mammalian cerebral cortex), the cortical plate (future gray matter), the marginal zone and the extra-ventricular zone [28] [29] [30] , which prompted us to ask whether oRG-like cells exist in the developing mouse neocortex. Furthermore, the origin of this distinct cell type remains unknown because of the A hallmark of mammalian brain evolution is cortical expansion, which reflects an increase in the number of cortical neurons established by the progenitor cell subtypes present and the number of their neurogenic divisions. Recent studies have revealed a new class of radial glia-like (oRG) progenitor cells in the human brain, which reside in the outer subventricular zone. Expansion of the subventricular zone and appearance of oRG cells may have been essential evolutionary steps leading from lissencephalic to gyrencephalic neocortex. Here we show that oRG-like progenitor cells are present in the mouse embryonic neocortex. They arise from asymmetric divisions of radial glia and undergo self-renewing asymmetric divisions to generate neurons. Moreover, mouse oRG cells undergo mitotic somal translocation whereby centrosome movement into the basal process during interphase precedes nuclear translocation. Our finding of oRG cells in the developing rodent brain fills a gap in our understanding of neocortical expansion. a r t I C l e S challenge of experimental manipulation in primates and carnivores. oRG-like cells would be much easier to manipulate and study in the developing rodent brain.
To address these issues, we investigated whether progenitor cells resembling oRG cells exist in the rodent brain during periods of neocortical neurogenesis. We found cells in the superficial region of the subventricular zone (SVZ) in the developing mouse cortex that morphologically resembled oRG cells. Time-lapse imaging revealed that these cells underwent mitotic somal translocation and asymmetric division in which one daughter cell inherited the basal process. Our long-term imaging revealed that oRG cells were generated directly from radial glia cells and that they produced neurons directly, without an intervening intermediate progenitor cell. Furthermore, we found that during interphase, the centrosome moved into the basal process to maintain polarity before mitotic somal translocation. These results suggest that oRG cells are not a specialization of a larger brain with greater cortical area. Instead, oRG-like cells are probably present in all mammals, and an evolutionary increase in the number of oRG cells likely amplified neuronal production and contributed to cortical expansion.
RESULTS

oRG-like cells exist in mouse neocortex
Recent studies have shown that radial glia-like cells referred to as oRG abundantly populate the OSVZ of the fetal human brain and account for between 40% and 75% of all proliferating cells 24 . They are also present in the cortex of the ferret, a carnivore that also has an expanded gyrencephalic brain 26, 27 . These findings raise the question of whether OSVZ progenitors are specific to gyrencephalic species or whether they also exist in lissencephalic mammals. To examine this possibility, we introduced green fluorescent protein (GFP)-expressing adenovirus (adeno-GFP) into the lateral ventricle of developing neocortex of E12.5 mouse embryos by in utero injection 10 . Searching for GFP + cells with oRG morphology 2 d after infection, we observed GFP + monopolar cells located in the superficial or outer region of the SVZ (Fig. 1a) . Similar to oRG cells in human fetal brain 24, 26, 27 , the mouse cells had a long basal process but not an apical process (Fig. 1 ) so that they do not make contact with the ventricle (Fig. 1a) . The morphology of these cells suggested that oRG-like cells might exist in the outer SVZ of the rodent brain. Moreover, in sparsely labeled slices we occasionally observed pairs of GFP + cells (4 out of 25) close to each other in the region between the SVZ and intermediate zone, where one cell often had a long basal process and the adjacent cell was rounded, suggesting that the oRG-like cell might have divided (Fig. 1a) .
We used immunohistochemistry to examine whether cells with oRG-like morphology also expressed the transcription factors Pax6 and Sox2, neural stem or progenitor cell markers that are expressed by human and ferret oRG cells 24, 26, 27 . We also studied phosphovimentin (P-vim), which marks the cytoplasm of neural progenitor cells in M phase of the cell cycle 28 and helps to reveal their morphology. We observed Pax6 + Sox2 + P-vim + cells located in the intermediate zone and the region adjacent to the SVZ (Fig. 1c) . Among triple-positive cells, 93% were located in the ventricular zone and only 7% were located in the superficial SVZ (Fig. 1d) . Most of the triple-positive cells (67 out of 78, at E16) had a basal process revealed by the P-vim antibody (Fig. 1c,e) . Furthermore, P-vim + cells with a basal process always expressed the radial glia cell markers Sox2 and Pax6 (67 out of 67, E16), indicating that the monopolar cells are progenitor cells. Tbr2 (T-box brain 2) is a T-domain transcription factor that is specifically expressed by intermediate progenitor cells during development. Intermediate progenitor cells are transit-amplifying progenitors arising from radial glia that can be characterized by expression of Tbr2 and by concurrent downregulation of Pax6. Intermediate progenitor cells divide symmetrically within the ventricular zone or SVZ and generate a strictly neuronal population. We used Sox2, Tbr2 and P-vim expression to further classify the cortical progenitors we observed. All of the P-vim + cells with oRG-like morphology in the outer region of the SVZ were Sox2 + Tbr2 − ( Fig. 1e ; total of 46 cells from six mice), indicating that the oRG-like cells in the mouse resembled radial glia cells and not intermediate progenitors.
To examine the divisions of oRG-like cells directly, we used a low-titer GFP-expressing retrovirus (retro-GFP) to transfect only dividing cells. We injected the retrovirus into the lateral ventricle of E12.5 mouse embryos by in utero injection as described 10, 11 . Observations of division of the GFP-labeled oRG-like cells with long a r t I C l e S basal but no apical process confirmed that they were actively dividing progenitor cells (Fig. 1b) . Moreover, a low density of dividing progenitors located in the intermediate zone and outer SVZ was revealed by phosphohistone H3 immunostaining with Sox2 and Pax6 co-labeling (Supplementary Fig. 1 ).
These results indicate that the developing mouse cortex contains a subtype of actively dividing progenitor cell that maintains process contact with the pia but not the ventricle. On the basis of their oRG-like morphology and expression of molecular markers characteristic of radial glia cells, we tentatively identified these cells as mouse oRG cells to set them apart from traditional radial glia in the ventricular zone and intermediate progenitor cells in the SVZ.
Mouse oRG cells undergo mitotic somal translocation
INM is a characteristic feature of neuroepithelial and radial glia cells. The apical anchoring of the centrosome within the ventricular endfoot serves as the cellular mechanism for INM by maintaining cell polarity, orienting the microtubule minus ends apically to direct dynein motor protein migration and asymmetric division of radial glia cells 16, 17 . Recent studies in human fetal brain show that oRG cells show a distinctive behavior before mitosis, referred to as mitotic somal translocation (MST), in which the cell body moves rapidly up the basal fiber. The similar morphological and molecular characteristics of mouse and human oRG cells prompted us to ask whether mouse oRG cells behave similarly. To test this, we first developed an assay to specifically visualize oRG cells in the mouse (Fig. 2a) . We delivered a GFP-expressing retrovirus directly into organotypic brain slices from E13 embryos and began confocal time-lapse imaging 48 h later to monitor cellular behavior. We found that GFP retrovirus-labeled oRG cells spontaneously divided ( Fig. 2b and Supplementary Movie 1) and showed the same distinctive behaviors as human oRG cells 24 . The cell body moved rapidly along the basal process, led by a swelling within the process (Fig. 2b) . The pattern of somal translocation was reminiscent of behavior observed in migrating neurons 31 . The duration of oRG cell body translocation was usually less than 1 h, which is similar to the duration observed in human oRG cells. However, the translocation distance of oRG cell bodies was around 25 µm (Fig. 2c) , which is shorter than that of human oRG cells, which average 57 µm (ref. 24) . Of ~114 oRG cell divisions we observed, all but 2 cells divided with a horizontal cleavage plane (parallel to the ventricular surface). This plane of division ensures that the basal daughter cell inherits the basal fiber and maintains oRG morphology while the apical daughter does not, consistent with asymmetric oRG cell division (Fig. 2b) . The two cells that did not divide horizontally gave rise to two similar daughter cells, both of which had oRG morphology and basal fibers (Supplementary Fig. 2) .
The mitotic somal translocation of oRG cells contrasts with the INM of radial glia cells, in which the nucleus moves apically and mitosis occurs at the ventricular surface ( Supplementary Fig. 3a and Supplementary Movie 2), and with the mitotic behavior of intermediate progenitor cells, which divide in place without nuclear translocation ( Supplementary Fig. 3b and Supplementary Movie 3) . To explore this further, we used a plasmid encoding human histone H2B, a protein that enables sensitive analysis of the nucleus in living mammalian cells, fused with the red fluorescent protein DsRedExpress (DsRedex-H2B) and electroporated this with the plasmid pCAG-GFP 32 , encoding GFP that diffuses throughout cells and thereby reveals their morphology. These constructs were electroporated into the developing mouse neocortex at E13.5 (Fig. 2d) . We were a r t I C l e S able to observe oRG cells in brain slices at E14.5 (Fig. 2d) . Moreover, serial microscopic visualization revealed that these cells progressed through the cell cycle, including interphase and M phase (that is, prophase, metaphase, anaphase and telophase) (Fig. 2d) after somal translocation, demonstrating that oRG cells are actively cycling cells. Together, these data support the conclusion that a subtype of oRG progenitor cell exists in the mouse brain that undergoes mitotic somal translocation and asymmetric division.
oRG cells distribute sparsely in developing neocortex
We next asked how numerous are oRG cells during mouse neocortical development and where are they located. To address these questions we mapped the location of Pax6 + P-vim + Sox2 + triple-positive cells with basal processes at four embryonic ages (E12, E14, E16 and E18) in the rostro-caudal and medio-lateral axes (Fig. 2e-i and Supplementary  Fig. 4) . We compared the distribution of oRG cells located in the superficial SVZ and intermediate zone versus total triple-positive cells located in the entire developing neocortex (Fig. 2e-i and Supplementary Fig. 4b-d) . At E12, the SVZ was present throughout the ventro-medial extent of the cortical wall, although no cortical plate was detected medially. At this age we observed oRG cells (cells that were Pax6 + P-vim + Sox2 + with basal process) located in the superficial SVZ and inner intermediate zone ( Fig. 2f and Supplementary  Fig. 4b ). oRG cells represented 5.35 ± 1.25% (n = 200), 7.64 ± 2.06% (n = 157) and 4.31 ± 1.80% (n = 209) of mitotic progenitors in, respectively, the rostral, intermediate and caudal cortex. More oRG cells were observed in the dorso-lateral (3.65 ± 1.70%, n = 411) than dorsomedial cortex (2.24 ± 2.15%, n = 402). At E14, the proportions of oRG cells increased compared to E12, with 6.09 ± 1.65% (n = 115) in rostral, 8.27 ± 1.36% (n = 145) in the intermediate and 4.12 ± 0.32% (n = 97) in caudal cortex ( Fig. 2g and Supplementary Fig. 4c ).
The number of oRG cells reached a peak at E16, when they constituted 7.02 ± 1.54% (n = 228) in the rostral, 8.89 ± 1.15% (n = 180) in the intermediate and 5.26 ± 0.95% (n = 152) in caudal cortex (Fig. 2e,h) . Concurrent with the depletion of radial glia cells in the ventricular zone 2, 12 , the proportion of oRG cells increased to 10.03 ± 2.60% (n = 279) in the E18 intermediate cortex. Consistent with the marked decrease of neurogenesis at E18, the proportion of oRG cells compared to E16 dropped to 5.90 ± 1.10% (n = 84) in the rostral cortex and to 2.04 ± 0.51% (n = 49) in caudal cortex ( Fig. 2i  and Supplementary Fig. 4d) .
At all stages, a similar distribution pattern of oRG cells was observed, with a lateral to medial developmental gradient (Fig. 2f-i) . At E12, the proportion of oRG cells in lateral cortex comprised 3.65 ± 1.70% (15 out of 411) of all progenitors and in the medial cortex 2.24 ± 2.15% (9 out of 402) (Fig. 2f) . At E14, lateral oRG cells accounted for 5.06 ± 0.85% (18 out of 356) compared to 3.58 ± 1.24% of medial oRG cells (12 out of 335) (Fig. 2g) . At E16, oRG cells showed a more lateral (10.06 ± 1.54%, 32 out of 318) than medial (5.03 ± 1.10% 15 out of 298) location (Fig. 2h) . At E18, we still detected 6.11 ± 1.78% (8 out of 131) oRG cells laterally, but a marked reduction medially to 2.03 ± 1.02% (6 out of 296) (Fig. 2i) . These results suggest that oRG cells are relatively rare at all ages, but show a general lateral to medial spatial gradient with the density of oRG cells highest in intermediate cortex, less in rostral cortex and lowest in caudal cortex at all stages of embryonic neocortical development.
oRG cells generate neurons
We next examined whether oRG cells generate neurons. Taking advantage of the basal processes of oRG cells, we developed a new assay using in utero pial surface injection of adeno-GFP to retrogradely label oRG cells close to the cortical plate (Fig. 3a) and started long-term (days long) time-lapse imaging 2 d after injection. Successfully labeled oRG cells were identified by their monopolar morphology (Supplementary Fig. 5a ). We observed asymmetric, self-renewing, oRG cell divisions, in which the apical daughter cell acquired neuronal morphology over the subsequent ~40 h, including a leading process oriented toward the pia (Fig. 3b and  Supplementary Movie 4) . After acquiring a short trailing process, To further explore whether oRG cells produce neurons, we monitored oRG cell divisions in real time and then determined daughter cell fate 12 or more hours later by immunostaining with cell typespecific markers. A commitment to the neuronal lineage was assessed by the expression of NeuN or βIII-tubulin (Tuj1). In most of the oRG cell divisions (13 out of 17), the apical daughter cell expressed NeuN or Tuj1 (Fig. 3c,d and Supplementary Fig. 5b) . In all cases, the basal daughter cells inherited the basal fiber and expressed Pax6 (Fig. 3c,d) . In four cases, daughter cells were unlabeled, possibly owing to limitation of antibody penetration. These results demonstrate that oRG cells divide asymmetrically to self-renew and give rise to neurons.
oRG cells originate from radial glia cells
We previously hypothesized that human oRG cells originate in the ventricular zone and use mitotic somal translocation to move into the SVZ 24 . However, owing to technical limitations this has not been demonstrated in the human fetal brain. Having identified oRG cells in the developing mouse neocortex, we next examined their origin. We used retro-GFP to label radial glia cells in E11.5 embryos by in utero intraventricular injection as described 10, 11 . At E13.5 we removed the embryos and prepared organotypic brain slice cultures for timelapse imaging 11, 17, 33 .
As expected, GFP + cells were radial glial cells with bipolar morphology located in the ventricular zone (Fig. 4a) . We monitored GFP + radial glia cells at 15-min intervals for 80 h. Most (45 out of 52) dividing radial glial cells we analyzed seemed to undergo asymmetric selfrenewing division, as based on morphologically distinct differences between the daughter cells 10, 11 . We were able to confirm that some of the divisions we observed (4 out of 52) generated radial glia and intermediate progenitor cells (indicated by multipolar morphology and/or subsequent migration to the SVZ and symmetric division). However, a few divisions we monitored (3 out of 52) generated a self-renewed radial glia cell and a daughter cell with oRG cell morphology. Moreover, the oRG-like daughter underwent characteristic mitotic somal translocation associated with cell division in the SVZ, while the parent radial glia cell underwent INM and division at the ventricular surface ( Fig. 4a  and Supplementary Movie 6) . These data support a model of oRG cell origins ( Fig. 4b and Supplementary Fig. 6 ) in which oRG cells are generated directly from asymmetric divisions of radial glia cells.
Distinct centrosome dynamics of oRG cells
Given that the centrosome is required for the maintenance of radial glia cell progenitors in the ventricular zone 16, 17 , we explored the cellular mechanism of oRG self-renewing asymmetric division by analyzing the distribution and dynamics of centrosome behavior in oRG cells. We electroporated pCAG-YFP plasmid, encoding yellow fluorescent protein, or injected retro-GFP to reveal cell morphology. To examine centrosome behavior, we introduced plasmid DsRedexCentrin 17 , encoding DsRedex fused to centrin, a central component of the centrosome, into the developing neocortex of E13.5 mouse embryos by in utero electroporation 17, 33 . Six dividing oRG cells from independent experiments proceeded through mitosis in the outer SVZ and reached the two-cell stage. In all cases, we found movement of the centrosome into a varicosity in the basal process at interphase, followed by movement of the nucleus in M phase (Fig. 5a and  Supplementary Movie 7) , suggesting that the centrosome is involved in the maintenance of oRG cell polarity. Our data indicate that mitotic somal translocation is one of the defining features of oRG cells in mouse as well as in human 24 , with the centrosome situated in a varicosity in the basal process. This feature is reminiscent of centrosome behavior in migrating neurons 31 in which the centrosome also moves into a varicosity in the leading process, followed by the saltatory movement of the nucleus 34 . We hypothesized that a subcellular mechanism of centrosome positioning regulates mitotic somal translocation ( Fig. 5a and Supplementary Movie 7). To study centrosome behavior in all three subtypes of progenitors in mouse neocortex, we monitored centrosome positioning and behavior in radial glia and intermediate progenitor cells. The positioning of the centrosome in the endfoot at the ventricular zone surface helps explain why radial glia cells go through interkinetic nuclear migration. In all seven dividing radial glia cells with centrosome labeling, the centrosome divides, and one daughter centrosome migrates back to the ventricular endfoot of the self-renewed radial glia cell, while the other daughter centrosome migrates away from the ventricular zone with the non-radial glia daughter cell as previously reported 17 (Fig. 5b and Supplementary  Movie 8) . Furthermore, we found that centrosomes remain within the intermediate progenitor cell body throughout the cell cycle of intermediate progenitor cells (n = 7); consistent with the observation that intermediate progenitor cells remain stationary when they divide ( Fig. 5c and Supplementary Movie 9) . Taken together, these data strongly suggest that specific centrosome positioning underlies mitotic somal translocation. The dynamic spatial arrangement of the centrosome in oRG cells is distinct from that in the other cortical precursor cells, as the centrosome is located in the ventricular endfoot of the radial glia cell during interphase and remains in the cell body of dividing intermediate progenitor cells 17 .
DISCUSSION
Our finding of mitotic oRG cells provides a new lineage for neurogenesis in the rodent cortex. Real-time imaging data show that OSVZ progenitors are generated directly from radial glia cells in the ventricular zone, and daughter oRG cells migrate away to the superficial SVZ by mitotic somal translocation. Because the number of oRG cells is very low, the contribution of oRG cells to neurogenesis and cortical layer formation in rodents is small. This may help explain why genetic mutations causing strong microcephaly phenotypes in human (ASPM mutations, for example) do not necessary cause the same severe phenotype in rodents 35 . Moreover, although mouse oRG cells share two defining features (namely, morphology and mitotic somal translocation) with human oRG cells, time-lapse imaging reveals an important difference between those two cells: namely that mouse oRG cells undergo self-renewing asymmetric division to generate neurons directly, whereas human oRG cells generate transitamplifying cells (that is, intermediate progenitor cells) that in turn generate neurons.
Our data also demonstrate that during mitotic somal translocation, the oRG centrosome moves into a varicosity in the basal process at interphase, and the nucleus follows before mitosis. In this way oRG cell mitosis shares features of both neuronal migration and the G2 phase of interkinetic nuclear migration characteristic of neuroepithelial cell division. Given that centrosomes anchored in the ventricular (apical) endfeet of radial glia cells are a defining feature of the asymmetric division of radial glia cells 16, 17 , these data imply an important role of the centrosome in establishing oRG cell polarity. oRG cells go through asymmetric division with the cleavage plane perpendicular to the apico-basal axis, whereas radial glia cells undergo asymmetric division with a cleavage plane parallel to the apico-basal axis, implying that it is not cleavage plane orientation but possibly centrosome positioning that determines asymmetric division of oRG cells. Lack of b a c a r t I C l e S apical polarity proteins (such as Par3) in human and ferret OSVZ progenitors 26 raises the question of whether the asymmetric inheritance of mother versus daughter centrosome is necessary for oRG cell asymmetric division and fate specification, as it is in radial glia cells 17 .
The results presented here suggest that a specific new subtype of progenitor cell exists in the superficial SVZ of mouse neocortex. Expression of cell fate markers, morphological features and mitotic behavior link this progenitor with an OSVZ-like progenitor cell, the oRG cell, recently described in the developing human and ferret neocortex 24, 26 . Progenitors in this region of developing mouse cortex were observed a decade ago but had not been well characterized 28 . It has been suggested that OSVZ-like cells may be primate specific 25 and contribute to expansion of the neocortex in human and gyrencephalic species 24, 26 . However, the observation of oRG-like cells in mouse, a lissencephalic species, suggests that oRG cells are not unique to gyrencephalic brain development. The appearance of oRG cells in rodents may nonetheless foreshadow human cortical expansion. One may speculate that oRG-like cells arose in an ancestral rodentlike animal about 100 million years ago 4 and selective pressures led to an expansion in their numbers in the lineages leading to primates. Features such as an increase in the number of progenitor cell cycles and the appearance of an intervening transit-amplifying type of cell may have provided further mechanisms to increase neuron number during neocortical evolution. It would be interesting to study the cortical development of more species with gyrencephalic or lissencephalic brains to obtain a more complete understanding of how progenitor cell behavior contributes to the architecture of the developing neocortex.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
